Dendritic morphology is a critical determinant of neuronal connectivity, and calcium signaling plays a predominant role in shaping dendrites. Altered dendritic morphology and genetic mutations in calcium signaling are both associated with neurodevelopmental disorders (NDDs). In this study we tested the hypothesis that dendritic arborization and NDD-relevant behavioral phenotypes are altered by human mutations that modulate calcium-dependent signaling pathways implicated in NDDs. The dendritic morphology of pyramidal neurons in CA1 hippocampus and somatosensory cortex was quantified in Golgi-stained brain sections from juvenile mice of both sexes expressing either a human gain-of-function mutation in ryanodine receptor 1 (T4826I-RYR1), a human CGG repeat expansion (170-200 CGG repeats) in the fragile X mental retardation gene 1 (FMR1 premutation), both mutations (double mutation; DM), or wildtype mice. In hippocampal neurons, increased dendritic arborization was observed in male T4826I-RYR1 and, to a lesser extent, male FMR1 premutation neurons. Dendritic morphology of cortical neurons was altered in both sexes of FMR1 premutation and DM animals with the most pronounced differences seen in DM females. Genotype also impaired behavior, as assessed using the threechambered social approach test. The most striking lack of sociability was observed in DM male and female mice. In conclusion, mutations that alter the fidelity of calcium signaling enhance dendritic arborization in a brain region-and sex-specific manner and impair social behavior in juvenile mice. The phenotypic outcomes of these mutations likely provide a susceptible biological substrate for additional environmental stressors that converge on calcium signaling to determine individual NDD risk.
Dendritic morphology is a critical determinant of neuronal connectivity, and calcium signaling plays a predominant role in shaping dendrites. Altered dendritic morphology and genetic mutations in calcium signaling are both associated with neurodevelopmental disorders (NDDs) . In this study we tested the hypothesis that dendritic arborization and NDD-relevant behavioral phenotypes are altered by human mutations that modulate calcium-dependent signaling pathways implicated in NDDs. The dendritic morphology of pyramidal neurons in CA1 hippocampus and somatosensory cortex was quantified in Golgi-stained brain sections from juvenile mice of both sexes expressing either a human gain-of-function mutation in ryanodine receptor 1 (T4826I-RYR1), a human CGG repeat expansion (170-200 CGG repeats) in the fragile X mental retardation gene 1 (FMR1 premutation), both mutations (double mutation; DM), or wildtype mice. In hippocampal neurons, increased dendritic arborization was observed in male T4826I-RYR1 and, to a lesser extent, male FMR1 premutation neurons. Dendritic morphology of cortical neurons was altered in both sexes of FMR1 premutation and DM animals with the most pronounced differences seen in DM females. Genotype also impaired behavior, as assessed using the threechambered social approach test. The most striking lack of sociability was observed in DM male and female mice. In conclusion, mutations that alter the fidelity of calcium signaling enhance dendritic arborization in a brain region-and sex-specific manner and impair social behavior in juvenile mice. The phenotypic outcomes of these mutations likely provide a susceptible biological substrate for additional environmental stressors that converge on calcium signaling to determine individual NDD risk.
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| INTRODUCTION
Neurodevelopmental disorders (NDDs), including intellectual disability, attention deficit hyperactivity disorder, and autism spectrum disorders, impart a significant healthcare and quality of life burden to patients and their families. 1, 2 Such data provide a compelling reason to identify and characterize risk factors that confer NDD susceptibility. Although no single genetic component can account for most NDDs, [3] [4] [5] it has long been acknowledged that the genetic background of an individual can influence risk. [6] [7] [8] [12] [13] [14] [15] Because dendritic architecture is a critical determinant of neural networks, and altered dendritic morphology (increased or decreased dendrite number, branching, spine density, etc.) is associated with many NDDs, 11, [16] [17] [18] [19] [20] these observations suggest mutations that alter the fidelity of Ca 2+ signaling influence NDD risk, in part, by interfering with dendritic arborization in the developing brain.
To test this hypothesis, we quantified dendritic morphology and social behavior in juvenile mice expressing human mutations known to alter Ca 2+ signaling in neurons. One such mutation is T4826I-RYR1, a human gain-of-function mutation in the gene that encodes ryanodine receptor 1 (RyR1), an essential regulator of intracellular calcium stores. 21, 22 It is estimated that~35% of the human population carry one or more RYR1 genetic variant. 23 Gain-of-function mutations in the human RYR1 gene underlie malignant hyperthermia susceptibility (MHS), which predisposes carriers to acute, potentially lethal, hyperthermia in response to heat stress, anesthetics, and other environmental stressors. 10, 24 RyR activity is necessary for BDNF-induced remodeling of dendritic spines, 25 and RyR1 activity is required for activity-dependent dendritic growth and synaptogenesis. 26, 27 These observations suggest the possibility that gain-of-function RYR1 mutations alter dendritic arborization in the developing brain.
A second human mutation known to alter neuronal Ca 2+ signaling is the CGG expansion repeat mutation in fragile X mental retardation gene 1 (FMR1 In the present study, we quantified dendritic arborization and social approach behavior in both the T4826I-RYR1 and FMR1 premutation mouse models. Because many NDDs, such as autism, have a complex etiology and are thought to arise from multiple genetic hits, and because dysregulated calcium signaling is observed in NDDs, [9] [10] [11] we also tested the hypothesis that expression of two mutations that alter calcium signaling amplifies the effect of either mutation expressed singly. 
| Social approach
The three-chambered social approach was conducted as described previously. [44] [45] [46] [47] 
| Golgi staining
Golgi staining was performed using the FD Rapid GolgiStain kit (FD NeuroTechnologies Inc. Columbia, Maryland) according to manufacturer's instructions as described previously. 48, 49 Brightfield images of Golgi-stained neurons (n = 32-48 neurons per sex per genotype from at least six independent mice) were acquired with an IX-81 inverted microscope (Olympus, Shinjuku, Japan) using MetaMorph Image Analysis Software (version 7.1, Molecular Devices, Sunnyvale, California). Neurons were acquired from CA1 dorsal hippocampus and somatosensory cortex in slices ranging from~−2.3 to −1.4 mm Bregma. Criteria for selection of neurons were as described previously. 48, 50 Basilar dendritic arbors of neurons were traced by an individual blinded to experimental group using NeuroLucida (version 11, MBF Bioscience, Williston, Vermont), and arbor complexity was quantified by automated branch structure and Sholl analysis using NeuroLucida Explorer (version 11, MBF Bioscience). Figure S1 illustrates the endpoints examined in Golgi-stained neurons.
Neuron tracings are publicly available via the NeuroMorpho.Org database (NeuroMorpho.Org).
| Statistics
Golgi-stained neurons from juvenile brain sections were analyzed using a mixed effects model as previously described. 48, 49 All analyses were conducted using SAS software (version 9.4) of the SAS System for Windows (SAS Institute Inc., Cary, North Carolina). For multi-level data, if an outcome variable did not appear to be normal based on histograms, summary statistics and residual plots, or if unequal variances were observed, the appropriate transformation was used to achieve approximate normality, and Satterthwaite degrees of freedom were used in the mixed model to account for unequal variance. Area under the curve for the number of dendritic intersections, values for the distance from the soma of the peak number of dendritic intersections (peak X), and the maximum number of dendritic intersections (peak Y)
were calculated from Sholl profiles using built in area under the curve analysis in GraphPad Prism Software (v6.07, San Diego, California). Table S1 summarizes least squares means data, including group estimates and SE. Differences in least squares means were used to determine significant differences within a sex or between sexes of each genotype, and data from all groups are summarized in Table S2 (including estimate, SE, degrees of freedom, t value and P value). For all other endpoints, data were assessed for normality and homogeneity of variance using the Shapiro-Wilks test and F test respectively using GraphPad Prism. Differences between two groups were assessed using Student's t test or Student's t test with Welch's correction for parametric data and by the Mann Whitney U test for nonparametric data. Differences between more than two groups were assessed using one-way ANOVA followed by Newman-Keuls multiple comparison test for parametric data or Kruskal-Wallis test followed by Dunn's multiple comparison test for nonparametric data. Data are reported as mean AE SE for Sholl plots, and box and whisker plots indicate the mean as a (+) and whiskers are 10-90th percentile, P values ≤0.05 were considered significant.
| RESULTS

| Dendritic morphology varies between sexes and genotypes
Results from the mixed effects statistical modeling used to examine the effects of sex, genotype, and sex*genotype interactions on specific parameters of dendritic morphology variable are summarized in Table 1 . For ease of interpretation, we first discuss sex, genotype or sex*genotype interactions that were identified, and then discuss differences within sex or genotype, summarized in Table 2 ; Table S2 . Data collected from pyramidal CA1 hippocampal neurons are presented first, followed by data from pyramidal neurons of the somatosensory cortex. These brain regions were chosen because both have been implicated in NDDs, such as autism. Changes in connectivity have been reported in the hippocampus 51 and the somatosensory cortex of patients with autism vs neurotypical controls. 52, 53 Changes in hippocampal volume, [54] [55] [56] and reduced branching of CA1 hippocampal neurons have also been reported in brains of autism vs neurotypical controls. 57 Furthermore, changes in neural organization and density in the hippocampus have been correlated with social deficits in a rat model of autism. 58 These brain regions also serve as anatomic substrates of social behavior in humans 59, 60 and preclinical models. [61] [62] [63] Sholl plots and representative images of the basilar dendritic arbor of Golgi-stained pyramidal CA1 hippocampal neurons for each sex and genotype are shown in Figure 1A -C. Genotype differences were limited to male neurons and included a significant increase in the distance from the soma of the maximum number of dendritic intersections in T4826I male neurons compared to either WT (P = 0.0028) or DM (P = 0.0128) neurons ( Figure 1D ,E, Table 2 ; Table S2 ). There were no significant differences between genotypes with respect to the maximum number of dendritic intersections ( Figure 1F ,G) or the total area under the Sholl curve ( Figure 1H ,I) in male or female hippocampal neurons.
While Sholl analysis provides a broad picture of dendritic complexity, it does not always show subtle yet relevant changes in dendritic architecture ( Figure S1B ). Therefore, we refined our analysis by further characterizing the number, complexity and length of dendrites in pyramidal CA1 hippocampal neurons. In male but not female hippocampal neurons, there was a significant decrease in the total number of primary dendrites in T4826I compared to WT (P = 0.0345) (Figure 2A ,B, Table 2 ; Table S2 ). CGG male hippocampal neurons had a significantly increased number of primary dendrites compared to T4826I (P = 0.0055) and DM (P = 0.0476) male hippocampal neurons ( Figure 2A ,B, Table 2 ; Table S2 ). Mixed effects modeling showed a significant overall effect of genotype on the number of terminal dendritic tips (F 3,279 = 3.71, P = 0.012, Table 1 ). This was largely driven by an increased number of dendritic tips in CGG male hippocampal neurons compared to WT (P = 0.0005), T4826I (P = 0.0119) and DM (P = 0.0002) male neurons ( Figure 2C ,D, Table 2 ; Table S2 ). There was also a significant sex difference within CGG hippocampal neurons with male neurons having more dendritic tips compared to female CGG neurons (~20%, P = 0.0034) ( Figure 2C ,D). Significant differences in the number of dendritic tips per primary dendrite, a measure of dendritic complexity, were limited to an increased number of dendritic tips per primary dendrite in T4826I male compared to WT male hippocampal neurons (P = 0.0022) ( Figure 2E ,F, Table 2 ; Table S2 ). Within male neurons, mean dendritic length was significantly increased in T4826I compared to WT hippocampal neurons (P = 0.0252, Figure 2G ,H, Table 2 ; Table S2 , Supporting Information).
Mixed effect modeling showed a significant effect of genotype on the area of neuronal somata (F 3,40 = 6.45, P = 0.0012, Table 1 Table S2 ). Unlike the dendritic parameters, both male and female hippocampal neurons exhibited genotype effects on soma area. Within males, the soma area of CGG neurons was significantly increased compared to T4826I
(P = 0.035) and DM (P = 0.0073) hippocampal neurons ( Figure 2I , Table 2 ; Table S2 ). Within females, the soma area of CGG neurons was significantly increased compared to WT (P = 0.0146), T4826I
(P = 0.0302) and DM (P = 0.0042) hippocampal neurons ( Figure 2I ,J, Table 2 ; Table S2 ). Collectively, these data indicate that the T4826I
and CGG mutations increase dendritic complexity in pyramidal CA1
hippocampal neurons, and do so more consistently in male vs female juvenile mice.
Sholl plots and representative images of the basilar dendritic arbor of Golgi-stained pyramidal neurons within the somatosensory cortex for each sex and genotype are shown in Figure 3A ,C. In contrast to the observations of CA1 hippocampal neurons, genotype effects on dendrite morphology were seen in both sexes. Mixed effects model analysis showed a significant genotype effect on the distance from the soma of the maximum number of dendritic intersections (F 3,318 = 3.11, P = 0.0266, Table 1 ) driven by a significant increase in the distance from the soma of the maximum number of dendritic intersections in CGG (~13%, P = 0.0186) and DM (~12%, P = 0.0209) compared to WT cortical neurons (Table S2) . Examining each sex individually, in males there was a significant increase in the distance from the soma of maximum dendritic intersections in CGG compared to WT neurons (P = 0.0443) ( Figure 3D , Table 2; Table S2 ), while in females there was a significant increase in the distance from the soma of maximum dendritic intersections in CGG (P = 0.0411) and DM (P = 0.0260) compared to T4826I neurons ( Figure 3E , Table 2 ; Table S2 ). The maximum number of dendritic intersections only differed in female neurons, with a significantly greater maximum number of dendritic intersections in CGG compared to T4826I female cortical neurons (P = 0.0440) ( Figure 3F ,G, Table 2 ; Table S2 ). Genotype effects on the area under the Sholl curve were limited to female neurons with a significantly increased area under the Sholl curve in DM compared to T4826I (P = 0.0401) female cortical neurons ( Figure 3H ,I, Table 2 ; Table 2 ). Examining proximal vs distal changes in dendrite complexity, there were no genotype or sex differences in the proximal area under the curve (Table 1 , results not shown); however, in female neurons only, there was a significant increase in distal half of the area under the curve in DM compared to WT (P = 0.0189) female cortical neurons ( Figure 3J ,K, Table 2 ; Table S2 ).
FIGURE 1
Genotype influences the dendritic morphology of pyramidal neurons in the CA1 hippocampus of juvenile male but not female mice.
(A) Representative photomicrographs and (B, C) Sholl plots of the basilar dendritic arbors of Golgi-stained pyramidal CA1 hippocampal neurons derived from P 25-30 male and female WT, T4826I, CGG or DM mice. Dendritic morphology was further assessed by quantifying (D, E) the distance from the soma to the maximum number of dendritic intersections, (F, G) the maximum number of intersections, and (H, I) the total area under the curve of the Sholl plot (0-180 μm from the soma taken at 10 μm increments). Data are presented as box plots, "+" indicates the mean; whiskers, the 10-90th percentile, dots are outliers (n = 32-40 neurons per sex per genotype from at least six independent mice). Significant differences were determined using a mixed effects model. Asterisk indicates a significant difference between groups as determined by the differences of least squares means at P ≤ 0.05
Genotype influences the dendritic morphology of pyramidal neurons in the CA1 hippocampus of juvenile male but not female mice, and increases the area of neuronal somata in both sexes. Basilar dendritic arbors in Golgi-stained pyramidal CA1 hippocampal neurons derived from P 25-30 male and female WT, T4826I, CGG or DM mice were assessed by quantifying (A, B) the number of primary dendrites per neuron, (C, D) the number of dendritic tips per neurons, (E, F) the number of dendritic tips per primary dendrite, (G, H) the mean length of all dendrites (total dendritic length/total dendrites per neuron, and (I, J) the area of the neuronal soma. Data are presented as box plots, "+" indicates the mean; whiskers, the 10-90th percentile, dots are outliers (n = 32-40 neurons per sex per genotype from at least six independent mice). Significant differences were determined using a mixed-effects model. Asterisk indicates a significant difference between groups as determined by the differences of least squares means at P ≤ 0.05
Genotype influences the dendritic morphology of pyramidal neurons in the somatosensory cortex of juvenile male and female mice. (A) Representative photomicrographs and (B, C) Sholl plots of the basilar dendritic arbors of Golgi-stained pyramidal somatosensory cortical neurons derived from P 25-30 male and female WT, T4826I, CGG or DM mice. Dendritic morphology was assessed by quantifying (D, E) the distance from the soma to the maximum number of dendritic intersections, (F, G) the maximum number of intersections, (H, I) the total area under the curve of the Sholl plots (0-180 μm from the soma taken at 10 μm increments), and (J, K) the distal area under the Sholl curve (90-180 μm from the soma). Data are presented as box plots, "+" indicates the mean; whiskers, the 10-90th percentile, dots are outliers (n = 32-48 neurons per sex per genotype from at least six independent mice). Significant differences were determined using a mixed-effects model. Asterisk indicates a significant difference between groups as determined by the differences of least squares means at P ≤ 0.05
We further characterized the number, complexity and length of dendrites in cortical neurons derived from male and female mice of each genotype. In contrast to hippocampal neurons, there were no genotype differences in the number of primary dendrites extended by cortical neurons in either sex ( Figure 4A,B) . Mixed effects model analysis showed a significant genotype effect for the number of terminal dendritic tips (F 3,45.2 = 3.95, P = 0.0138, Table 1 ) driven by increases in CGG (~16%, P = 0.0175) and DM (~16%, P = 0.0178) neurons compared to WT neurons, as well as increases in CGG (~16%, P = 0.0202) and DM neurons (~16%, P = 0.0205) compared to T4826I neurons (Table S2) . Examining genotype effects within each sex, significant differences were limited to female neurons, with an increase in number of dendritic tips in DM compared to WT (P = 0.0326) or T4826I
(P = 0.0183) female cortical neurons ( Figure 4D , Table 2 , Table S2 ).
There was also a significant overall genotype effect on the number of dendritic tips per primary dendrite (F 3,41 = 8.11, P = 0.0002, Table 1 ), again driven by increased values for CGG (~20%, P = 0.0022) and DM (~24%, P = 0.0002) compared to WT cortical neurons, as well as increased values for CGG (~16%, P = 0.0096) and DM neurons (~21%, P = 0.0010) compared to T4826I cortical neurons (Table S2) . Within males, the number of dendritic tips per dendrite was significantly increased in DM compared to WT (P = 0.0428) or T4826I (P = 0.0379) cortical neurons ( Figure 4E , Table 2 ; Table S2 ). Within females, the number of dendritic tips per dendrite was significantly increased in CGG (P = 0.0098) and DM (P = 0.0005) compared to WT cortical neurons, and in DM compared to T4826I (P = 0.0066) cortical neurons ( Figure 4F , Table 2 ; Table S2 ). There was also an overall effect of genotype on mean dendritic length (F 3,276 = 4.10, P = 0.0072, Table 1) driven by increased mean dendritic length in CGG (~24%, P = 0.0357) and DM (~34%, P = 0.0022) compared to WT cortical neurons, and increased mean dendritic length in DM compared to T4826I (~28%, P = 0.0105) cortical neurons ( Table 2) . Examining each sex, significant effects were limited to female neurons, with DM female neurons having greater mean dendritic length compared to WT (P = 0.0025) or T4826I (P = 0.0078) female neurons ( Figure 4H , Table 2 ; Table S2 ).
Unlike hippocampal neurons, no significant effects of genotype or sex on soma area were detected in cortical neurons ( Figure 4I ,J).
| Genotype impacts the social behavior of juvenile mice
In order to determine whether genotype-dependent changes in dendritic morphology are associated with changes in behavior, we used the three-chambered social approach task to assess social behavior in juvenile mice of each genotype. This test was chosen because it is a simple, automated and standardized assay that can be used with juvenile animals. [44] [45] [46] 64 Mice were initially allowed to explore the empty left and right chambers during a 10 minutes habituation period. There were no significant differences in the combined number of side entries or velocity of the mice during the habituation phase for any of the genotypes or sexes (results not shown).
During the sociability phase, typical approach behavior was defined as spending significantly more time with a mouse vs the object. Time spent in the center chamber is shown in graphs for illustrative purpose only. 47 Genotype impacted sociability in both male and female mice. WT (t(20) = 3.138, P = 0.0052) and CGG (t (16) = 2.497, P = 0.0238) male mice spent more time in the chamber containing a mouse vs an object ( Figure 5A) ; however, T4826I and DM male mice failed to show a preference ( Figure 5A ). Similarly, WT (U = 52, P = 0.0128) and CGG (t(20) = 6.165, P = 0.0001) female mice spent significantly more time in the chamber containing a mouse vs an object ( Figure 5B ). T4826I female mice trended toward being social;
however, the time spent in the chamber with the mouse vs object was not statistically significant (P = 0.09). DM female mice also failed to show a preference ( Figure 5B ). We next examined the more stringent social criteria of time spent in close proximity (≤ 1 in. to the object vs the mouse. WT (t(20) = 4.709, P = 0.0001) and CGG (t(16) = 3.101, P = 0.0069) male mice spent significantly more time in close proximity to a mouse vs an object, while T4826I and DM male mice failed to show a preference ( Figure 5C ). Amongst female mice, the time spent in close proximity to a mouse vs an object was significantly increased in WT (t(28) = 2.197, P = 0.0364) and CGG (t(13) = 7.349, P = 0.0001) female mice but not in T4826I or DM female mice ( Figure 5D ). There was also a significant effect of genotype on the time spent in close proximity to the mouse (sex F (1,82) = 0.00, P = 0.952; genotype Additionally, there were no differences in body mass ( Figure S2 ). Collectively, these results indicate that genotype impacts social behavior as assessed by the three-chambered social approach task.
| DISCUSSION
Genetic studies have identified a strong association between heritable mutations in Ca 2+ signaling and increased risk for NDDs.
9,11
Here, we examined the effects of two mutations associated with dysregulated Ca 2+ signaling in neurons, the T4826I-RYR1 gain-offunction mutation and the FMR1 premutation, on NDD-relevant outcomes in a preclinical model of late childhood/early adolescence.
This study showed that these mutations, alone or in combination, enhanced dendritic arborization in a brain region and sex-specific manner, and impaired social behavior. Specifically, we observed that:
(a) the dendritic morphology of pyramidal CA1 hippocampal neurons was altered in male but not female mice with the greatest number of differences relative to WT observed in T4826I males; (b) the dendritic morphology of pyramidal neurons in the somatosensory cortex was altered in both male and female mice, increases in dendritic complexity were observed in CGG and DM males, but the most robust increases in dendritic complexity were seen in DM females;
and (c) genotype impacted performance of juvenile mice in the three chambered social approach task.
While we cannot conclude that the observed changes in dendrite morphology observed here occur through altered calcium dynamics, previously published data support the hypothesis that calcium signaling is dysregulated in both the T4826I-RYR1 gain-of-function mutation and FMR1 premutation mouse models. RYRs, as a class of FIGURE 4 Genotype influences the dendritic morphology of pyramidal neurons in the somatosensory cortex of juvenile male and female mice but has no effect on the area of neuronal somata in either sex. Basilar dendritic arbors in Golgi-stained pyramidal somatosensory cortical neurons derived from P 25-30 male and female WT, T4826I, CGG or DM mice were assessed by quantifying (A, B) the number of primary dendrites per neuron, (C, D) the number of dendritic tips per neuron, (E, F) the number of dendritic tips per primary dendrite, (G, H) mean dendritic length per neuron, and (I, J) neuronal soma area. Data are presented as box plots, "+" indicates the mean; whiskers, the 10-90th percentile, dots are outliers (n = 32-48 neurons per sex per genotype from at least six independent mice). Significant differences were determined using a mixed-effects model. Asterisk indicates a significant difference between groups as determined by the differences of least squares means at P ≤ 0.05 intracellular calcium ion channels, are essential in regulating calcium release, and the T4826I-RYR1 gain of function mutation in mice has been shown to elevate intracellular calcium levels in muscle. 21 While not as obvious as RYR gain-of-function neurons, FMR1 premutation neurons also provide evidence of disrupted calcium signaling. FMRP has been shown to bind and regulate ion channel expression in addition to altering the function of calcium binding proteins. 65 Drosophila, 66 human iPSC-derived neurons from FMR1 premutation patients 42 and in human fibroblasts with CGG repeats in the FMR1
gene. 67 Furthermore, in human fibroblasts with FMR1 CGG repeats, pharmacological destabilization of CGG repeat RNA restores calcium dynamics. 67 Juvenile Fmr1−/− mice have elevated synchrony in the firing of cortical neurons as indicated by in vivo calcium imaging, especially during the first two postnatal weeks. 68, 69 Together these results highlight elevated calcium signaling as a convergent pathway of both T4826I-RYR1 gain-of-function mutation and CGG models. Given the importance of calcium signaling in dendritic morphology and connectivity, it is possible that altered calcium signaling contributes to the effect on dendritic morphology of each genetic mutation observed in this study.
Previous studies have examined dendritic arborization and social behavior in adult FMR1 premutation mice. In adult male FMR1 premutation (156 CGG repeats) mice, pyramidal neurons in the primary visual cortex are reduced in branching complexity and dendritic length compared to age-and sex-matched WT. 38 Decreased dendritic complexity was also reported for basilar dendrites of pyramidal neurons in the medial prefrontal cortex and CA3 hippocampus of FMR1 premutation mice. 70 In contrast, the differences in juvenile CGG mice relative to age-and sex-matched WT mice were few but consisted of increased dendritic complexity. The discrepancy between these studies likely reflects differences in the adult vs juvenile brain, suggesting that genotype effects on dendritic arborization in the juvenile brain-a time of active dendritic growth and remodeling-are not predictive of genotype effects on dendritic morphology in the adult brain. Perhaps not surprisingly, the subtle changes in dendritic arborization observed in the CGG juvenile mice were not associated with altered social FIGURE 5 Genotype influences sociability by three chambered approach in juvenile male and female mice. Juvenile WT, T4826I, CGG or DM mice of both sexes were allowed to explore a three-chambered social approach arena with one side containing a novel object and the other a novel mouse for a 10 minutes period and assessed for (A, B) the cumulative time spent in the chamber with the object vs mouse, (C, D) the cumulative time spent in close proximity (≤1 in. to the object or mouse, and (E, F) the velocity of mice over the entire testing period. Data are presented as box plots, "+" indicates the mean; whiskers, the 10-90th percentile, dots are outliers (male/female n = 11/15 WT, 10/10 T4826I, 9/11 CGG, 13/11 DM animals each from at least six independent litters). Sociability was defined as spending more time with the mouse vs the object. Time spent in the center chamber (A, B) is shown for illustrative purposes only. Significant differences were determined using Student's t test for parametric data and Mann-Whitney U test for nonparametric data (A-D) and by one-way ANOVA followed by Newman-Keuls multiple comparison test for parametric data (E) or Kruskal Wallis followed by Dunn's multiple comparison tests for nonparametric data (F)
behavior. Similarly, adult FMR1 premutation mice behave no differently than WT mice in social interaction and social novelty tasks. 70 CGG hippocampal neurons also exhibited increased soma area. Soma size has been shown to change significantly over postnatal development in rat supraoptic magnocellular neurons. 71 Soma size is influenced by calcium signaling, as evidenced by reports that pharmacological antagonism of Q-type or AMPA/kainite calcium channels decreases soma size in rat ganglion cells. 72 While the mechanisms underlying altered soma size in our models remains to be determined, these data suggest that calcium signaling may be involved.
While age-related changes in RyR function were recently showed to impair cognition in adult mouse models of Alzheimer's disease, 73 this study provides the first characterization of juvenile mice with genetically altered RyR function. The T4826I and DM mouse models showed that expression of these mutations generally enhanced dendritic arborization, although the outcome varied as a function of sex and brain region. This is consistent with previous in vitro studies demonstrating that environmental stressors with a "gain-of-function" effect on RyR1 similarly increase dendritic arborization of hippocampal and cortical neurons. 27, 74, 75 Genotype effects on dendritic arborization mapped onto deficits in social behavior. Increased dendritic complexity was observed in the CA1 hippocampus of T4826I males, and in the somatosensory cortex of DM males and females, which were the same experimental groups that exhibited the most significant deficits in social approach.
While our data do not establish a cause-effect relationship between increased dendritic arborization and impaired social behavior, they add to emerging evidence linking these two phenomena in juvenile animals. For example, early life stress caused by maternal separation increased apical dendritic branch number and length of pyramidal neurons in the medial prefrontal cortex of female juvenile rats, and these morphological outcomes coincided with deficits in social interactions. 76 Similarly, in a model of endoplasmic reticulum stress, adult male mice exhibit decreased social behavior coincident with hyperconnectivity in the neural circuit from the medial prefrontal cortex to the dorsal hippocampus as measured by implanted depth electrodes. 61 However, our results also indicate that alterations in dendritic morphology do not necessarily predict behavioral outcomes or vice versa. We found no difference in social behavior between WT and CGG juvenile mice despite evidence of subtle differences in dendritic morphology. Alternatively, the lack of association between altered dendritic morphology and social behavior in the CGG mouse may indicate that the changes in dendritic morphology in this mouse model were below the "threshold" required to manifest as behavioral deficits.
A key question raised by this study is whether co-expression of the T4826I-RYR1 mutation and FMR1 premutation amplified the impact of either mutation alone. With respect to dendritic arborization of hippocampal neurons, significant differences relative to WT were observed in male CGG and T4826I but not DM mice. Thus, there appears to be no interaction between the genotypes that enhances outcome in hippocampal neurons. However, in cortical neurons, there were subtle dendritic effects in the CGG mice alone but robust effects in the DM compared to WT in both sexes, but especially in females, which included a 32% increase in dendritic tips/primary dendrite and a 47% increase in mean dendritic length. Furthermore, in cortical neurons a number of parameters of dendritic complexity were significantly increased in DM compared to T4826I neurons including an 18% increase in dendritic tips/primary dendrite in male neurons, a 30% and 41% increase in area under the curve and mean dendritic length, respectively, in female neurons. These data suggest that coexpression of these mutations does amplify the effect of either mutation alone on dendritic morphology of cortical neurons in both sexes.
With respect to social behavior, both male and female DM mice exhibit social deficits. This phenotype appears to be driven by the T4826I-RYR1 mutation because male and female CGG mice exhibit normal social approach, while T4826I mice exhibit impaired social approach, although both male and female T4826I mice were trending toward normal sociability. Further work involving more nuanced social behavioral assays, like dyadic play and ultrasonic calls during social interactions are required to dissect and confirm the influence of each gene on mouse social behavior.
Unraveling the complex etiology of NDDs is an ongoing challenge, and understanding the mechanisms by which susceptibility genes interact with each other and environmental risk factors to determine individual risk remains a critical data gap in the field. While we cannot rule out other mechanisms, our findings together with previous studies linking these mutations to altered calcium signaling, 21, 65 suggest models expressing distinct heritable mutations that modify Ca 2+ signaling early in life may be capable of altering neural circuits by interfering with normal patterns of dendritic arborization, and these changes may contribute to functional deficits in NDD-relevant behaviors. Importantly, histological studies of brains from patients diagnosed with ASD 77 or fragile X syndrome 78 have showed significantly increased dendritic complexity relative to neurotypical controls. Moreover, the magnitude of change in dendritic arborization we observed in the mouse models, which ranged from~17% to 47% increase in dendritic complexity compared to sex-matched WT controls, is within the range of clinical data indicating a 15% increase in local connectivity in the brains of autistic patients vs neurotypical controls based on fMRI imaging. 20 While we cannot rule out other mechanisms, our data are consistent with the hypothesis that Ca 2+ signaling represents a convergence point for multiple genetic factors, which if they drive Ca 2+ signaling in the same direction, as is the case with the T4826I-RYR1 mutation and FMR1 premutation, can amplify phenotypic outcomes.
Importantly, our data also suggest that human gain of function mutations in RYR1 linked to MHS 10,24 have effects on not only skeletal muscle, but also neurons. These data extend previous reports of ion channel deficits in autism, 79 the localization of at least one RYR isoform on chromosome 15q, a region associated with autism susceptibility genes, 80 and identification of RYR2 as a potential ASD risk gene. 81 However, it should be noted that humans with the RYR1 gain of function mutation are typically heterozygous, unlike the homozygous T4826I-RYR1 mice used in this study. It is possible that the phenotype we observed in the mouse may be more pronounced than what is observed in humans. However, like the human condition, the T4826I mouse exhibits no overt clinical pathogenic phenotype. 22 Identifying genetic and environmental risk factors that interact with gain-of-function RYR mutations and/or FMR1 premutation to increase individual risk for NDDs remains to be determined, and the three genetic models characterized here will serve as powerful tools for addressing this critical question. 
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